The state between aging with no cognitive impairment and dementia has become a major focus for intervention. The neuropathological and neurobiological correlates of this intermediate state are therefore of considerable interest, particularly from population representative samples. Here we investigate the neuropathological profile associated with different cognitive ability levels measured using strata defined by Mini Mental State Examination (MMSE) scores. One hundred and fifty one individuals were stratified into three cognitive groups including: non-, mildly, and moderately impaired at death. Alzheimer's disease, atrophy, and vascular pathologies were investigated. Mild impairment was associated with an increased risk of vascular pathologies including small vessel disease and lacunes. In contrast, the moderately impaired group showed a more extensive pattern of pathology, including tangles and neuritic plaques (entorhinal/hippocampus), atrophy (cortical and hippocampal), and vascular disease (small vessel disease, lacunes, and infarcts). In a population-based sample of older people, MMSE score defined strata are associated with multiple pathologies. The profile of AD and vascular changes becomes more complex with increased cognitive impairment and these changes are likely to constitute a major substrate for age associated cognitive impairment. The results highlight the need for rigorous investigation of both neurodegenerative and vascular risks factors in old age.
INTRODUCTION
Variability exists in the level of cognition in nondemented individuals before death. Knowledge of the underlying mechanisms associated with successful, unsuccessful, and pathological cognitive aging in the non-demented population is limited. Most research has been focused at particular ages or clinical states rather than investigating cognitive levels within populations without manifest dementia that include individuals of high functioning, age related cognitive decline (ARCD) and moderate impairment. A better understanding of the pathological profile associated with different cognitive levels will be important to identify those factors that pose the greatest risk for decline. Heterogeneity in cognitive ability in the nondemented population has been supposed to reflect, at least partly, the common underlying conditions that also lead to frank decline including Alzheimer's disease (AD) and vascular dementia [1, 2] . However, controversy exists in the severity of pathological changes needed to induce cognitive change. In some controls, the extent of AD and vascular related pathology can be equivalent to or even greater than that of a person with clinical dementia while in others, pathology is virtually absent [1, [3] [4] [5] . Clinico-pathological thresholds can be modified by age [6, 7] , genetic factors [8] , tolerance of pathology due to reserve (e.g., education or social networks) [9, 10] , and the presence of coexisting AD and vascular pathologies [6, 11] . In control groups, grades of cognitive impairment including none, age-related, mild, and moderate decline may have different pathological profiles of increased neuropathological severity that when considered as a single group makes it difficult to distinguish from dementia. Indeed, individuals with amnestic mild cognitive impairment (aMCI) usually have a neuropathological profile similar to that of AD and dementia cases (e.g., increased neurodegenerative pathologies and atrophy) [12, 13] . Further, cognitive aging without dementia may reflect a brain free of pathology, or alternatively a brain in which the presence of pathology is masked by protective factors such as higher education.
Mental status in older aged populations is commonly assessed using the Mini Mental State Examination (MMSE) [14] . While in some studies, the MMSE is found to be insensitive to mild impairments, in others, the MMSE is found to have better predictive accuracy for incident dementia compared to more complex criteria for intermediate cognitive states, including criteria for aMCI or ARCD [15, 16] . Classification of dementia risk based on MMSE categories is easier to obtain compared to using criteria for aMCI/ARCD, particularly in population-based samples. Given this, we therefore tested whether grades of impairment in a non-demented population defined using MMSE strata can be linked to a specific neuropathological profile from subtle changes to more complex disease.
METHODS
Participants were from the Medical Research Council Cognitive Function and Ageing Study (CFAS) neuropathological resource across each of the study centers including Cambridgeshire, Gwynedd, Liverpool, Newcastle, Nottingham, and Oxford. Full details of the study design have been described previously [17] . CFAS is a large population representative study of people aged 65 years and older that began in 1991. In total, 13,004 participants completed a standardized questionnaire at their place of residence with a trained interviewer. Information on sociodemographics, health states, and cognitive ability were collected. A stratified sample of 20% (n = 2,640) was selected for a more detailed evaluation that included full mood and organicity sections of the Geriatric Mental State (GMS) Automated Geriatric Examination for Computer Assisted Taxonomy (AGECAT) [18] . Individuals selected for an assessment interview were approached for brain donation. The percentage willing to take part in donation varied among centers (20-55%) [4] . Those in the brain donor sample have been reinterviewed biennially with some annual follow-ups. The analysis here is based on the brains donated up to 1st August 2004 (n = 456) representing 3.8% of the 11,921 participants who entered the study and died before this time across each of the study centers (Data Version 3.1).
Dementia diagnosis
Full details of the approach to the diagnosis of dementia in CFAS have been published previously [7] . A study diagnosis of dementia was made using multiple information including death certificate notification of dementia or diagnosis at any interview according to the AGECAT algorithm (defined as an organicity rating of 3 or above) [18] , that is equivalent to diagnosis based on the DSM-III-R. If the interview time was more than 6 months from death, additional information was gathered using a structured retrospective interview with knowledgeable informants (RINI) that covers the diagnostic domains required for clinical diagnosis including separation from terminal decline, and a final decision was made by clinicians working with CFAS. Dementia was diagnosed in 243 of the 456 brain donors. In 30 individuals, dementia status at death could not be established. These individuals, in addition to those with a diagnosis of dementia, were excluded. The remaining 183 were deemed to be nondemented; all had information sufficient to confirm absence of dementia (e.g., study diagnosis or RINI).
Cognitive assessment
The MMSE was chosen to define the cognitive groups as it has previously been found to be a good indicator for dementia risk in CFAS [15] . Currently, there is no agreement on the cut-off scores that should be used to define different cognitive categories. Here the cognitive categories were defined using cut-off scores that have previously been found to have high sensitivity and specificity for two-year risk of incident dementia [15] including scores in the range of 23-26 (e.g., mildly impaired). Individuals with scores in the range of 18-22 were classified as moderately impaired and individuals with scores in the range of 27-30 were classified as non-impaired. Individuals were categorized into each group based on their MMSE score at their last interview before death. Individuals with a missing MMSE score were excluded (n = 13). Individuals where the interval between death and last known MMSE score was greater than 2.5 years were also excluded (n = 19) to reduce the likelihood that they would be classified into the incorrect cognitive group (i.e., they may have progressed to a more severe impairment). A sensitivity analysis restricting the interval to 1.5 years was also run and while the associations were attenuated they remained in the same direction (See Supplementary Appendix 1; available online: http://www.j-alz.com/issues/29/vol29-2.html#supplementarydata01).
Health assessment
Information about health status was included as part of the questionnaires and from the informant questionnaires, the RINIs, and death certificates. Five conditions previously associated with increased risk of dementia were selected including: angina, hypertension, diabetes mellitus, stroke, or heart attack. Individuals were dichotomized into whether they had the condition or not. Individuals were considered to have the condition based on a positive response from any information source. Only positive evidence from the death certificates was considered using ICD9 codes 430-438, 410, 250, and 413 for stroke, heart attack, diabetes mellitus, and angina.
Neuropathology protocol
At autopsy, frozen samples of brain tissue were removed for storage. The remainder of the brain was fixed for standardized assessment on paraffinembedded tissues, following the protocol of the Consortium to Establish a Registry of Alzheimer's Disease (CERAD) with minor modification [4, 19] . All procedures were standardized across centers with the exception of staining (See Supplementary Appendix 2 for stain details). While we cannot exclude the possibility that staining differences between centers may have affected the scoring of pathologies, the CERAD protocol is validated for cross-center comparisons including the use of different stains. Neuropathological examination was completed blind to knowledge of clinical, interview or RINI data. Information on AD, atrophy, and vascular pathologies were selected for this analysis.
Amyloid-␤ protein pathology and neurofibrillary tangles (NFTs) were assessed in the hippocampus (CA1), entorhinal cortex and in the frontal (Brodman Area 8/9), temporal (BA21), occipital (BA17/18) and parietal (BA7) lobes. Severity of pathology was scored as none, mild, moderate, or severe. Plaque pathology was assessed with Congo red, silver stains (including Bielschowsky, Palmgren and Gallyas), or immunohistochemistry. NFTs were assessed with immunohistochemistry (AT8 or 11/57). All slides were counterstained with Ehrlich's hematoxylin and visualized with diaminobenzidine. For this analysis, burden of classical AD features was taken from the CERAD ratings in the entorhinal and hippocampal regions combined and in the neocortex. Each variable was defined as the maximum score in each region.
Vascular pathologies were assessed for each area examined using haematoxylin-eosine slides. Cerebrovascular pathology measures included the presence or absence of hemorrhages, infarcts (parenchymal ischaemic lesions >10 mm), lacunes (parenchymal ischaemic lesions <10 mm) and small vessel disease (diffuse pallor of myelin staining in white matter associated with hyaline degeneration of subcortical arteries and arterioles, micro-infarcts or a combination of these features). Lewy bodies (LB) were identified using hematoxylin-eosin and ubiquitin immunohistochemistry in the cortices, locus coeruleus, substantia nigra, nucleus basalis of Meynert, raphe nuclei, and dorsal efferent nucleus of vagus nerve. However, as LB disease was rare in the non-demented sample it was excluded from analysis due to a lack of statistical power.
Atrophy was assessed macroscopically, without knowledge of microscopic findings. Two regions were selected including the cortex (present versus absent) and hippocampus (classified as absent, mild, moderate, or severe). Braak staging was optional and due to the large number of missing data is not analyzed.
MRI data of formalin-fixed, post-mortem brain slices (∼1 cm thick), was used to assess white matter lesions as detailed previously [20, 21] . Two rounds of MRI scanning were undertaken (1999/2000 and 2004/2005) with fixation time varying from a few months to six years. MRI was performed at 1.0 T (Siemens) using pulse sequences optimized for postmortem WMLs: T2-weighted spin echo (2500/98 ms; TR/TE excitations, where TR = repetition time and TE = echo time); proton density (2500/25 ms); and T1-weighted inversion recovery image (TR 6838 ms, inversion time of 600 ms, with a TE of 60 ms). MRI scans were scored by 3 observers using a validated semi-quantitative rating scale [22] . Scores for periventricular lesions (PVLs) and deep subcortical white matter lesions (DWML) were reported separately.
The CERAD assessment was used to determine the neuropathological spectrum of AD and other dementias. Based on the neuritic plaque scores, a CERAD neuropathological diagnosis was made of 'normal brain' (absent plaques), 'plaques and tangles insufficient for Alzheimer's disease' (low plaques) or 'Alzheimer's disease' (intermediate or high plaques). Other changes noted included Parkinson's disease (PD) and cortical Lewy body disease (including Lewy bodies insufficient for PD) and vascular disease (combining the presence of infarcts, multiple lacunes, SVD, Binswanger's disease, hemorrhage, or other vascular changes). An 'other' category was created to include changes consistent with mixed AD/PD, mixed VaD/PD, the presence of metastic tumor or white matter disease.
To ensure consistency between centers inter-rater reliability was assessed by circulation of macroscopic brain photographs and microscopic slides. This was found to be acceptable [23] . APOE genotypes were determined on frozen brain tissue samples using a similar method to that described previously [24] . Individuals were dichotomized based on their profile of 4 alleles: none versus 1 or more.
Statistics
Summary statistics (mean and standard deviation) were used to compare baseline demographic characteristics across cognitive groups. ANOVA was used to test for group differences in age, MMSE, education, and the interval between last assessment and death. Group differences in APOE 4 allele frequency, gender, and health status were tested using the Chi-squared statistic. AD and atrophy variables were dichotomized so that the absent ratings ("no evidence of pathology") were compared to a combined score including the mild, moderate, and severe ratings ("evidence of pathology"). Logistic regression was used to test the relationship between neuropathology and cognitive group, with the non-impaired group as the referent. As age at death, the interval between death and last MMSE assessment and education may confound the association between neuropathology and cognitive function these were controlled in all models. The odds ratio (OR) and 95% confidence interval (95%CI) for each fully adjusted model are reported. All analyses were undertaken using Stata Version 11.
RESULTS

Participant characteristics
There were 151 individuals who died without dementia and had a MMSE score at their final interview before death. In total, 53 individuals died in a non-impaired state, 62 had mild impairment, and 36 had moderate impairment. The demographic profile of each group is shown in Table 1 . There were no group differences in years of education, gender, APOE 4 allele frequency, or disease status. Age at death and the 
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interval between death and last MMSE assessment varied, with the moderately impaired group being oldest and having the smallest interval. Figure 1a shows the distribution of CERAD neuropathological diagnosis across the groups. It was rare for brains to be classified as normal, particularly in the moderately impaired group. A diagnosis of pure AD or pure VaD was also rare (<15%). In contrast, with increased severity of decline there was an increase in the number of individuals with plaques and tangles of insufficient severity for AD or a mixed AD/VaD diagnosis.
CERAD diagnosis
AD pathology
Plaques and tangles were present in all groups and increased with cognitive impairment as shown in Fig. 1b . There were no significant differences between the non-impaired and mildly impaired groups on any AD variable as shown in Table 2 . However, there was a significant increase in the risk of neuritic plaques in the hippocampus/entorhinal region in the moderately impaired group (OR = 3.6, 95%CI 1.2-10.6). Further, all individuals with moderate impairment showed NFTs in the hippocampus/entorhinal region.
Atrophy
Cortical and hippocampal atrophy increased with cognitive impairment as shown in Fig. 1c . Risk of atrophy did not differ between the non-impaired and mildly impaired groups. In contrast, individuals with moderate impairment were at increased risk of atrophy in the cortex (OR = 4.4, 95%CI 1.5-12.6) and hippocampus (OR = 4.8, 95% CI 1.5-15.6).
Vascular pathology
Vascular features also increased with cognitive impairment as shown in Fig. 1d . Mild impairment was associated with an increased risk of SVD (OR = 2.5, 95%CI 1.1-6.1) and lacunes (OR = 6.4, 95%CI 1.3-31.2). The moderately impaired group were at increased risk of SVD (OR = 3.6, 95%CI 1.3-10.4), infarcts (OR = 4.8, 95%CI 1.2-18.9) and lacunes (OR = 8.8, 95%CI 1.6-49.4). 
White matter pathology
Evidence of white matter pathology including periventricular lesions and deep subcortical lesions were observed in all groups and generally increased with cognitive impairment. However, associations were not significant.
DISCUSSION
Here we characterized the neuropathological profile of non-demented older adults with different levels of cognitive function at death from a population-based autopsy sample. Most individuals across all groups showed evidence of pathological changes despite not expressing the clinical symptoms of dementia. AD pathologies were not found to be associated with mild impairment, but were associated with moderate impairment. Moderate impairment was also associated with an increased risk of atrophy and vascular pathologies. These results highlight the importance of mixed pathologies in increasing risk of cognitive impairment in non-demented individuals. Overall, the results suggest that AD pathology and atrophy, particularly when vascular pathologies are evident may be the key contributors to impaired cognitive function.
This study is based on a large populationrepresentative cohort of brain donors. Importantly this makes the findings generalizable to the population as a whole compared to findings from clinical, hospital, or specialist autopsy series. Further, while the brain donor sample represents only a small proportion of the total CFAS baseline, donors do not differ from baseline sample with respect to sex, social class, and length of time in education (years) [23] . Cognitive function was assessed using the MMSE at every interview wave. The advantage of the MMSE is that it is quick and easy to administer and has previously been shown to identify an at-risk state with higher progression to dementia compared to other more detailed classification criteria for intermediate cognitive states (e.g., aMCI) [15] . MMSE defined categories may therefore provide some guidance into the underlying pathologies that drive changes in global cognitive scores leading to an increased risk of dementia. The results however, are subject to the limitations of the CERAD protocol and the staining methods used (e.g., lack of methods based on ␣-synuclein for Lewy body pathology). Evidence of pathology is based on semi-quantitative assessment and this methodology was retained during the course of the study for all autopsy data to be consistent across CFAS study centers. Future analysis may identify further associations and potential mechanisms using a more robust approach and including newer staining methods. Despite the caveats of a semiquantitative approach the assessment of pathologies showed acceptable inter-rater reliability and we choose to dichotomize variables for ease of interpretation into: (1) no evidence of pathological changes; and, (2) evidence of pathological changes. Further, information on other pathological features found to be related to impaired cognition, such as argyrophilic grain disease and hippocampal sclerosis in addition to other health conditions such as pulmonary and renal function were not available. Further studies are needed to determine the impact of these pathologies and their interaction with other pathological features on increasing risk of cognitive decline in non-demented populationrepresentative samples.
AD pathology was common in all groups. Similar to previous studies we found that NFTs in the entorhinal/hippocampal region are highly prevalent irrespective of cognitive group (>80%), with few NFTs in the neocortex, except in the moderately impaired group [25, 26] . The pattern of plaques was also consistent with previous reports of a higher density in the neocortex compared to the hippocampal/entorhinal region, again with the moderately impaired group being an exception [5, 6, 25, [27] [28] [29] . In terms of risk, however, AD pathology does not appear to be associated with mild impairment, but does appear to play a role in moderate impairment. The results depended on location. Changes in the neocortex were not significant, while an increase in the presence of neuritic plaques and NFTs in the entorhinal/hippocampal region were associated with moderate impairment. This is consistent with previous studies where an increase in AD pathology has been found to be associated with MCI cases that transition to dementia at death [30] as well as reports where AD changes have been linked to subtle cognitive impairments in non-demented individuals [31, 32] as well as being associated with variability in MMSE scores [33] . Individuals in the moderately impaired group may represent "pre-clinical" AD and had they lived longer they may have progressed to dementia.
Moderate, but not mild impairment was associated with atrophy in the cortex and hippocampus. This finding supports previous neuroimaging reports of hippocampal and whole brain atrophy and neocortical loss in vivo at early dementia stages, becoming more severe with disease progression [34] . Further, individuals with MCI (defined using a Clinical Dementia Rating Score of 0.5) have been found to show substantial cell loss in the hippocampus at autopsy [31, [35] [36] [37] . Together, the data suggests that in the earliest signs of cognitive decline therapeutic targets should focus on preventing brain loss.
Group differences were also found in the presence of vascular pathological features including SVD, lacunes, and infarcts. The prevalence of vascular co-morbidity associated with angina, hypertension, diabetes mellitus, stroke, and heart attack did not differ across groups and therefore cannot explain these results. Vascular changes have been found to increase with age [38] and have previously been identified in relation to more severely impaired and dementia groups [39] [40] [41] [42] . Further, the presence of vascular disease may lead to clinical expression of AD symptoms even when the burden of neurodegenerative pathology is relatively low [43] . However, the significance of specific vascular pathologies varies between studies. This may be due to the heterogeneity of vascular disease, differences between the cognitive status of the study samples, differences in sample selection or a combination of these factors. The findings here extend the role of vascular features in cognitive decline toward all impaired states, regardless of severity [30, 44] .
The prevalence of white matter abnormalities generally increased with increasing cognitive impairment, but group differences were not significant. While results from other studies are not consistent with regard to specific white matter pathology and are variable in terms of the exact location, the presence of white matter changes has been associated with cognitive decline in both postmortem and MRI studies [39, 40, [45] [46] [47] . The pathological basis of white matter changes is thought to be complex and may be due to multiple processes, including aging, health related co-morbidity (e.g., hypertension, diabetes), reduced neuropil density, and myelin pathology. Further work is needed to determine the pattern of inter-relations between these and how they relate to cognitive symptoms. While, both Gold et al. [39] and Soderlund et al. [46] found that periventricular lesions are significantly associated with cognition, our results are not significant. The differences between these studies may be due to differences between the cognitive status in the different samples, sample selection criteria and heterogeneity in vascular diseases and associated white matter disease mechanisms.
The CERAD results demonstrate that each cognitively defined group includes individuals with no pathology, AD related only, vascular only, and mixed AD/vascular pathology. This heterogeneity suggests that progression to cognitive impairment, even at early stages, is complex. Indeed, while in clinical or hospital based autopsy cohorts the most common neuropathogical diagnosis is AD usually followed by vascular dementia, the results here support findings from community studies where mixed pathological features tend to be most common [48] . Further, the presence of individuals that lack these pathologies in all cognitively defined groups suggests that other factors associated with cognitive impairment have not been identified. Overall, the individual pathological findings and the CERAD diagnostic results suggest that more severe impairment is associated with multiple pathologies. However, a major issue in interpretation is whether the effect is additive, interactive or due to an as yet unidentified factor.
CONCLUSION
It appears that a buildup of pathological features including neurodegenerative pathology and atrophy in combination with vascular changes may underlie the cognitive transition across non-demented states captured using MMSE scores. Further research is needed to determine the threshold of change associated with each cognitive profile and those changes responsible for progression to dementia. We would like to acknowledge the essential contribution of the liaison officers, the general practitioners, their staff, and nursing and residential home staff. We are grateful to our respondents and their families for their generous gift to medical research, which has made this study possible.
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